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Introduction
Fasciola hepatica is an important digenetic trematode common in ruminant livestock and increasingly causing infection in humans [1] . The infective life stage of the parasite, the metacercariae, excyst from a dormant state following ingestion by the host and penetrate the intestinal wall before migrating to the liver. They cause extensive damage to the liver prior to moving into the bile ducts. The flukes pass the bile duct walls and develop into their mature form that lives in the microenvironment of the bile ducts. The developing and migrating parasite is exposed to reactive oxygen species generated by the host effector cells such as macrophages, neutrophils, eosinophils and platelets [2, 3] . These cells generate free radicals via the oxidative burst and are thought to contribute to the killing of parasites by the host [3, 4, 5] .
Previous studies have shown the presence of CuZn superoxide dismutase (SOD) activity in the excretory-secretion (ES) products of both immature and adult flukes [6] , however, to date no catalase or glutathione peroxidase enzymes have been detected [7] . The action of SOD results in the production of hydrogen peroxide, which can readily diffuse widely and is potentially more damaging than superoxide. It is thought that the peroxiredoxin (Prx) and thioredoxin (Trx) enzyme system fulfils the role of peroxide metabolism in Fasciola, as proposed by McGonicle et al [8] .
Fasciola Prx has been associated with protection against the by-products of aerobic metabolism [9] and the natural electron donor of this enzyme is Trx. Trx is a ubiquitous small protein (typically around 12 kDa) which contains a redox active disulfide. Reducing equivalents ultimately come from NADPH, via the flavin dependent enzyme thioredoxin reductase (TrxR). Reduced Trx is known to interact with and reduce a number of proteins and metabolites.
All members of this protein family have a similar structure, the Trx fold, which has a central five stranded  sheet surrounded by four  helices. Classical Trxs have the active site motif containing the conserved cysteine residues (Trp-Cys-Gly-Pro-Cys) which is located between  strand 2 and  helix 2 [10] . Trx is essential to a number of cellular functions and is an important protein in protection against oxidative stress.
It supplies reducing equivalents to a number of enzymes such as Prx, ribonucleotide reductase and also reduces cysteine residues in other proteins [11] , including transcription factors which result in their increased binding to DNA [10] .
The human Trx1 oxidising activity has been shown to be regulated by a number of factors in different cells. In endothelial cells the S-nitrosylation of residue C69 has been shown to be essential for the apoptotic function and redox regulation of Trx1 [12] . Additionally, during oxidative stress residue C73 has been shown to be glutathionylated, reducing the Trx activity [13] . A further disulfide motif between residues C62 and C69 has also been identified in human Trx1 which can impair Trx activity during redox signalling and oxidative stress, allowing for more time for the sensing and transmission of the oxidative signal [14] .
F. hepatica Trx was identified as a tegumental antigen being present on both juvenile and adult worm stages of Fasciola [15] . The 12kDa protein was subsequently cloned, over expressed and functionally characterised [16] . Here we describe the x-ray crystal structure of this recombinant thioredoxin protein solved to 1.45 Å.
Materials and Methods

Protein Sample and Crystallisation
A BamHI restriction fragment from plasmid pGEX-TRX [16] , containing the F.
hepatica Trx coding sequence, was cloned into plasmid pQE30 previously digested with BamHI, resulting in pQE-FhTrx expression vector. The correct orientation of the cDNA insert was investigated by restriction analysis and nucleotide sequencing. Hamburg) under cryo-cooled conditions (100  K). Data to 1.45 Å resolution were processed, and scaled using the programs DENZO and SCALEPACK [17] . The Fasciola Trx structure was solved by molecular replacement using the program BABEL [18, 19] . The solution chosen used the search model 2fa4, the 2.38 Å thioredoxin structure from Saccharomyces cerevisiae [20] . Refinement was carried out using the program REFMAC 5.2 [21] . The model building was performed using COOT [22] . Structure analysis was carried out using COOT [22] and PyMol [23] .
The root mean squared standard deviations (RMSDs) between different structures were calculated using the program O [24] . The structure has been deposited at the wwwPDB and assigned the code 2vim.
Results and Discussion
Structural analysis and quality of the model The crystal structure of the recombinant Fasciola Trx has been determined at 1.45 Å resolution. The data and refinement statistics are shown in table 1. The asymmetric unit contains a monomer. The final R value is 0.19 and the R free value 0.24 with good stereochemistry. 91.5% of the residues fall within the allowed regions of the Ramachandran plot as defined by PROCHECK [25] . The remaining 8.5% of residues fall into the additionally allowed regions. All amino acid residues could be located in the electron density and the side chains of residues Cys31, Cys34, Glu50, Glu62, Ser69, Met73, Asp81, and Lys 95 were found to occupy two positions. The side chain of Ser89 was found to occupy three positions. 106 water molecules were modelled.
Overall structure
The overall structure of Fasciola Trx is shown in figure 1 , and the secondary structure elements are indicated on the sequence alignment shown in figure 2 . The general fold consists of a five stranded -sheet surrounded by four -helices (--------).
The molecular architecture of this Trx is similar to that seen in the structures of previously studied Trx proteins. There is a cis peptide between Met73 and Pro74.
Many Trx fold proteins contain a conserved cis proline at this position which is thought to prevent the binding of metals to the active site thiolates [26] . As the F.
hepatica Trx sequence only has the two catalytic cysteine residues (C31 and C34) it is unlikely that this Trx enzyme is involved in the regulatory processes seen for the human Trx counterpart. These additional cysteine residues are conserved in the Trx sequences found in the bovine and ovine host animals indicating that the Trx proteins from these organisms are involved in similar regulation processes to those seen in the human system.
Active site
The active site of Trx enzymes contain a redox active cysteine pair (Cys31 and Cys34) which can be in the oxidised disulfide state or in the reduced dithiol state.
The electron density of the Fasciola Trx structure shows the cysteine residues in both the disulfide and dithiol states ( figure 3a and 3b) structures is found to form a flat surface close to the active site [32] . In the T. brucei structure this residue is flipped out and interacts with a neighbouring protein molecule in the crystals [32] , demonstrating that the Trp residue can adopt different conformations; possibly when the Trx is interacting with one of it's redox partners [32] . In the F. hepatica Trx structure Trp30 is positioned so as to form a flat surface.
In all of the structures listed in table 2 In the Drosophila melanogaster Trx structures, residue Phe28 was seen to move over the active site Cys35 in two of the oxidised state structures [31] . The authors propose that in this position the Phe residue may be blocking movement of Cys35 when the side chain of C32 approaches during oxidation [31] . In most structures the equivalent Phe residue side chain is found to be positioned away from the active Cys pair, as is the case in the F. hepatica Trx structure (Phe27). In The human Trx1 protein the equivalent residue at this position is a Ser (Ser28) and in the T. brucei Trx the equivalent residue is a Thr (Thr26).
Summary
This study has provided detailed structural analysis of the F. hepatica Trx which has demonstrated the subtle conformational changes associated with its oxidation from the free thiol to the disulfide form. This information provides a useful comparison with the human Trx protein, and by sequence identity to the Bovine and Ovine Trx's, the hosts of the parasite. Further studies are in progress to investigate the detailed interaction of the F. hepatica Trx and the peroxiredoxin to understand details of the oxidative stress response induced during the parasite infective cycle.
Despite having 66% sequence identity the RMSD of the F. hepatica and the human Trxs is very similar at 0.57 (reduced) and 0.6 (oxidised). The F. hepatica Trx crystal structure shows a mixture of both oxidised and reduced cysteines within the same crystal, demonstrating the small conformation changes between these two states. This is the only Trx structure that shows both the oxidation states in the same structure.
Interestingly the F. hepatica Trx structure shows highest identity to the human and therefore higher eukaryote Trx structures than to those of lower eukaryote organisms.
This study has allowed a detailed structural comparison of the Trx protein from F. 
